[1] Antarctic megadunes are characterized by significant spatial differences in accumulation rate, with higher accumulation on the windward side and near-zero accumulation on the lee side. This leads to spatial differences in physical properties of snow and surface roughness, as well as to the upwind migration of the megadunes. While previous studies agree that megadunes are a result of complex interactions between wind, topography, and snow, it is not clear how they form or why they accumulate on the windward side. Here we use ICESat observations, dimensional analysis, and atmospheric flow modeling to investigate what conditions are responsible for the accumulation patterns and upwind migration of the megadunes. First, we use ICESat data to quantify the pattern of differential surface elevation change across the megadunes. We then use dimensional analysis based on supercritical-flow theory and atmospheric flow modeling to show that the megadunes topography and a stable atmosphere will always lead to upwind dune migration. We show that a combination of persistent katabatic winds, strong stability, and spatial variability in surface roughness is responsible for the accumulation on the upwind slope and hence the upwind migration of the megadunes. We further show that spatial differences in surface roughness are the primary control on accumulation magnitudes and hence dune migration velocity. The dune migration velocity in turn influences the degree of snow-metamorphism and the physical properties of snow that are relevant for paleoclimate records. Our findings pertain to the ongoing evolution of the megadunes, but their genesis remains an open question.
Introduction
[2] Antarctic megadunes are large linear structures that run perpendicular to prevailing katabatic winds and cover large areas of East Antarctica. Previous studies of Antarctic megadunes discuss their morphology, as well as their accumulation regime and their surface properties [Fahnestock et al., 2000; Frezzotti et al., 2002; Albert et al., 2004; Courville et al., 2007] . The main characteristics of the megadunes, besides their long wavelengths (2-5 km) and low amplitudes (2-4 m) [Frezzotti et al., 2002] , is their low accumulation and the high grade of metamorphism [Fahnestock et al., 2000; Albert et al., 2004; Courville et al., 2007; Scambos et al., 2012] . Higher accumulation on the windward side and near-zero accumulation on the lee side of megadunes leads to large differences in physical properties of snow [Fahnestock et al., 2000; Albert et al., 2004; Courville et al., 2007] , differences in surface roughness, and upwind migration of the megadunes [Frezzotti et al., 2002] . The windward side of the megadunes is characterized by net accumulation (120% of the accumulation in adjacent nonmegadune areas) and high surface roughness with 0.5-1.5 m high sastrugi [Frezzotti et al., 2002] . The leeward sides of the megadunes are characterized by near-zero accumulation (25% of the accumulation in adjacent nonmegadune areas) and "wind glazed" smooth surfaces [Frezzotti et al., 2002] .
[3] Scambos et al. [2012] conclude that the highaccumulation areas do not compensate for the lowaccumulation areas and estimate that by neglecting the wind-glazed areas (11% of the area of the East Antarctic Icesheet (EAIS) above 1500 m elevation) in surface mass balance (SMB) models, the SMB estimate of the EAIS is overestimated by 42-82 Gt a -1 (depending on the SMB model). The near-zero-accumulation sites in the megadune regions could also help to understand the trapped-gas records in ice cores during low-accumulation glacial periods [Albert et al., 2004; Courville et al., 2007; Severinghaus et al., 2010] . The high degree of metamorphism and extensive recrystallization on the leeward sides of megadunes is caused by prolonged exposure to seasonal temperature [Scambos et al., 2007; Haran et al., 2005] image of the study area. ICESat tracks used in this study are overlain in white. Track 1296 is labeled and used in subsequent analyses. Inset shows the location of the main map in East Antarctica. White arrow denotes the wind direction reported by Courville et al., 2007. cycling at the surface [Albert et al., 2004; Courville et al., 2007] . The unique firn characteristics of such lowaccumulation areas cause deep air convection and might alter the isotope ratios in ice cores [Severinghaus et al., 2010] . This is in contrast to Alpine snowpacks, for which Bartelt and Lehning [2011] show that ventilation is confined to a small depth of the order of the surface roughness (mm-cm).
[4] Using Ground Penetrating Radar (GPR), Frezzotti et al. [2002] have shown that megadunes migrate upwind. Upwind migrating dunes have been discussed in the context of sand and gravel and predominantly occur in erodible river beds and upper regime (supercritical) flows [Kennedy, 1963; Carling and Shvidchenko, 2002; Colombini, 2004; Núñez-Gonzáles and Martín-Vide, 2011] . Transverse dunes that are formed in supercritical flows ("for which the surface gravity waves are in phase with the bed profile" [Recking et al., 2009] ) are called antidunes. Depending on the wind speed and topography, antidunes can migrate downwind, upwind, or remain stationary [Kennedy, 1963; Colombini, 2004; Núñez-Gonzáles and Martín-Vide, 2011] . In river flows, antidunes are considered to be unstable, because flow changes between subcritical and supercritical easily erode depositional features. However, temporary subcritical flow over snow would not destroy an existing dune because of snow's sintering properties. Supercritical flows in snow have only been discussed in the context of avalanches [e.g., Sovilla et al., 2008] , but those studies have no applicability to the formation of antidunes. To our knowledge, antidunal formation in snow has not been discussed quantitatively in previous publications [Fahnestock et al., 2000; Frezzotti et al., 2002; Albert et al., 2004; Courville et al., 2007; Arcone et al., 2012] , but small-scale upstream migrating ripple marks have been reported to be "produced by high winds moving dry snow at low temperatures" [Willard, 1935] . While previous studies agree that the megadunes are a result of complex wind and topography interactions with snow, as they run perpendicular to persistent regional katabatic winds [Fahnestock et al., 2000; Frezzotti et al., 2002; Courville et al., 2007; Scambos et al., 2012] , it is not clear how megadunes form or why they accumulate on the windward side, leading to their upwind migration.
[5] The aim of this paper is to understand that atmospheric and surface conditions are responsible for the observed accumulation patterns that lead to upwind migration of the megadunes. We first present an analysis of ICESat (Ice Cloud and land Elevation Satellite) surface elevation data to highlight patterns of surface elevation change associated with megadunes. The observed differences in rate of elevation change are most easily explained by differences in accumulation between the windward and leeward slope. These differences in accumulation patterns require a difference in the atmospheric flow characteristics, such as wind speed and turbulence strength. To understand the causes of the observed accumulation patterns, we then discuss the possible combinations of wind speed and megadune-scale topography that could lead to upwind migrating antidunes. These theoretical considerations (dimensional analysis), adapted from dune migration theory for sediments in water [e.g., Kennedy, 1963; Allen, 1984; Carling and Shvidchenko, 2002; Núñez-Gonzáles and Martín-Vide, 2011] are based on atmospheric conditions, obstacle height, wavelength, and wind speed. We do not discuss potential snow transport or migration velocities of antidunes, which are strongly dependent on the surface properties, and which, considering that snow is a sintering medium, would be harder to predict than in the case of nonsintering materials, such as sand. Lastly, in order to better understand what atmospheric and surface conditions could cause the required differences in wind speed (ws) and turbulence intensity (TI) over the given topographical scales, we model atmospheric flow using the Advanced Regional Prediction System (ARPS) [Xue et al., 2000 [Xue et al., , 2001 . As model input, we use an idealized topography that is based on a 150 km segment of a single ICESat track (1296), which is laterally repeated to create a surface. Our results show that it is likely that a combination of persistent katabatic winds, strong stability, and the variable surface roughness is responsible for the accumulation on the upwind slope and hence the uphill migration of the megadunes. (Figure 1 ). Regional slope within the domain is in the direction of 217 ı (grid) with a magnitude of 0.002. In our analysis of ICESat data, we follow the data treatment outlined by Smith et al. [2009] and estimate best fitting slopes and rates of surface elevation change by fitting vertically migrating planar surfaces to all ICESat data that fall within 700 m by 300 m bins every 500 m along track. The slope estimates, which stem from the ground-track repeatability error of ICESat, are true slopes, as opposed to the apparent slopes obtainable from single ICESat passes and are used extensively in our analysis.
ICESat Surface Elevation

Results
[7] Within the megadunes area of interest, approximately half the ICESat tracks are sub-perpendicular to the axis of the dunes and the rest are subparallel (Figures 1). Our estimates of aspect, which are independent of track orientation, highlight a bimodal distribution typical of dune morphology with maximum slope magnitudes approximately parallel to the wind direction (Figure 2b) . We use the wind direction reported by Frezzotti et al. [2002] which is based on the study by Parish and Bromowich [1991] . We convert the reported values from compass to grid north. (These estimates are within 20 ı of the automatic weather station wind directions reported by Courville et al. [2007] available from ftp:// amrc.ssec.wisc.edu/pub/aws/megadunes.)
[8] Our estimates of the rate of surface elevation change exhibit a correlation with aspect ( Figure 2a ) and a more linear correlation with the magnitude of the slope in the direction of the prevailing wind vector (Figure 2c ).
[9] Where the slope is negative in the direction of the wind vector, on the downwind side of the dunes, surface elevation change estimates trend toward less than the average, indicating a relative lowering of the surface (Figure 2c ). Where the slope is positive in the direction of the wind vector, on the upwind side of the dunes, surface elevation change estimates trend toward values greater than the average, indicating a relative rising of the surface (Figure 2c ). Both of these observations are consistent with the evolution of upwind migrating antidunes whereby accumulation occurs on the upwind face and ablation occurs on the downwind face (Figure 2c , lower right inset). The @z @t distribution seen in Figure 2c can be replicated by calculating the difference between two phase-lagged noisy sine waves. Note that the data in Figure 2c is not centered on [0, 0] . Instead it is approximately centered on [-0.0011,0.01125], which corresponds to the regional slope in the wind direction and the mean regional rate of surface elevation change (Figure 2c , upper left inset). The correlation is therefore best stated as follows: slope magnitudes in the wind direction that are greater (less) than the regional slope magnitude in the wind direction correspond to surface elevation change ( @z @t ) that is greater (less) than the regional average.
Theoretical Conditions for Upstream Migrating Dunes
Theory and Methods
[10] The Froude number (Fr) is the ratio of inertial forces to buoyancy forces and determines how a flow interacts with an obstacle. Supercritical flows occur when the Froude Number (Fr) exceeds a certain threshold. This threshold is usually 1 [e.g. , Stull, 1988; Carling and Shvidchenko, 2002] . Fr is usually calculated as
where u is the mean wind speed [m s -1 ], and h is the height of the obstacle [m] . N is the Brunt-Väisäla frequency [s -1 ], which is the frequency of gravity waves at a given stability where g is the acceleration due to gravity [m s
-2 ], Â is the potential temperature [K] , and @Â @z the elevational gradient of the potential temperature [Stull, 1988] . So the Froude number for the megadunes conditions with high winds velocities, low obstacle heights, and strong inversions is expected to be high (>>1). We used the following published values of atmospheric conditions for the region to calculate the BruntVäisäla frequency (equation (2)): The average annual air temperature for the specific Antarctic megadune region we are looking at in this study is -50 ı C Courville et al. [2007] . A typical inversion layer thickness (z) for megadune regions is estimated to be 100-300 m [Connolley, 1996; Scambos et al., 2012] , which is about half of the inversion layer thickness of the Dome C region [Tomasi et al., 2011] . We use the inversion layer thickness of 200 m in our calculations. The annual average atmospheric temperature gradients measured at Dome C by Tomasi et al. [2011] is 40 K km -1 . In Section 4, we use this high gradient, as well as a gradient of 20 K km -1 (for the case of a less strong inversion, as is likely in strong katabatic winds [Phillipot and Zillman, 1970] ) and a gradient of 0 K km -1 (near neutral, weakly stable conditions).
[11] Previous studies of symmetrical antidunes in river beds have determined threshold conditions for antidune migration directions (upstream, downstream, or stationary) [e.g., Kennedy, 1963; Allen, 1984; Carling and Shvidchenko, 2002; Núñez-Gonzáles and Martín-Vide, 2011] . To determine the range where upstream migrating antidunes may occur, we use critical values that were first proposed by Kennedy [1963] and based on the wave number k and the obstacle height h. The wave number is a function of the wavelength
[m] of the surface undulations and is calculated as
Based on Kennedy [1963] , the onset of antidunes (upper regime flow) occurs when the Froude Number Fr exceeds the critical value of Fr l
which is 1 for all atmospheric conditions and dune geometries presented here. Similarly, Kennedy [1963] proposed an upper bound Fr u , below which the antidunes are likely to migrate upstream.
Upstream migrating antidunes are restricted to the range Fr l < Fr < Fr u [Kennedy, 1963; Núñez-Gonzáles and Martín-Vide, 2011] . Our study assumes that the theory of antidune migration direction is valid for the nonsymmetrical megadunes.
Results for Theoretical Migration Direction of Dunes for EAIS Conditions
[12] Figure 3 shows the Froude number as a function of obstacle height for different wind speeds (solid lines, from equation (1) (Figure 3 , dotted lines) are both square root functions and inversely proportional to the obstacle height h, which is the reason for their similar shape. The upper threshold of Fr u , for a given obstacle height, is determined by the wavelength of the obstacle. As an example we discuss the migrating direction for dunes with a wavelength of 2 km: In near-neutral atmospheric conditions (case a, Figure 3a) , all wind speeds above 6 m s -1 would lead to downstream migrating dunes, and only wind speeds below 6 m s -1 could lead to upstream migrating dunes (gray shaded area). In the case of a stable atmosphere of 20 K km -1 (case b, Figure 3b ), this wind speed threshold is 11 m s -1 , and only wind speeds below 11 m s -1 could lead to upwind migrating dunes (gray shaded area). This wind speed threshold increases with increasing stability and is 15 m s -1 (case c, Figure 3c ) for a very stable atmosphere, such as that measured at Dome C [Tomasi et al., 2011] . The wind speed threshold increases for increasing wavelengths and decreases for decreasing wavelengths. For the Antarctic megadunes with wavelengths of 2-5 km, and where the atmospheric conditions are most similar to case b (Figure 3b ), all recorded wind speeds [Courville et al., 2007] lead to upstream migrating antidunes, according to the theoretical calculations. For smaller wavelengths, such as those in the blue ice areas in Dronning Maud Land [Liston et al., 2000] , the theory predicts that the same atmospheric conditions with persistent wind speeds over 5 m s -1 (measured average ws 9.6 m s 2 ) would lead to downwind migrating antidunes, as observed.
Wind Field Modeling Over Megadune Profiles
Theoretical Context for Flow Patterns Over Obstacles
[13] In most cases, a parcel of air speeds up as it approaches the top of the obstacle and rapidly decreases in speed in the lee [Jackson and Hunt, 1975] , where flow separation may occur if the slope is steep enough [Mason and King, 1985; Taylor et al., 1987] . Flow separation occurs if the surface stress becomes zero, which requires the nearsurface velocity to reduce to zero [Nanni and Tampieri, 1985; Tampieri, 1987; Wood, 1995] . If strong shear exists in the approach flow, as caused by strong stable stratification or changing surface roughness, the increase in the surface wind speed when approaching the top of the hill is enhanced due to nonlinear effects [Hunt et al., 1988a] .
[14] Generally, in the presence of snow, wind speeds up on the windward side of an obstacle and the wind speed decreases or flow separation occurs on the lee of the hill leading to erosion on the windward side and the deposition on the lee side of the hill [e.g., Mellor, 1965; Radok, 1977; Pomeroy, 1988; Liston and Sturm, 1998; Lehning et al., 2008] . These more common accumulation patterns in combination with wind speed have been previously modeled in the Antarctic Dronning Maud Land on alternating snow and blue ice bands [Liston et al., 2000] . The study site in the Dronning Maud Land exhibited smaller wavelengths (1-1.5 km), but similar amplitudes ( 5 m) to the megadunes regions and Liston et al. [2000] found positive mass balance on the lee side (snow) and negative mass balance on the windward side (blue ice) of the surface undulations, as expected. In order for snow to accumulate on the windward side and to erode on the lee side of a hill, as observed in the megadune regions ( Figure 2C ), flow separation is required on the uphill slope and speed up is required on the lee slope of the hill.
[15] Upstream flow separation may occur when the air near the ground can not be lifted over the obstacle [Mason and Sykes, 1978] , which leads to topographic flow blocking. Considering that the slopes in the megadune areas are very low [Frezzotti et al., 2002] , topographic flow blocking, which requires steep upwind slopes, is unlikely [Barndorff-Nielsonn and Willets, 1981; Belcher and Hunt, 1998 ]. Furthermore, the Froude number that describes the flow patterns over obstacles, is >>1 for typical megadune conditions (as discussed in section 3), which means that the air flows readily over an obstacle with no need for lateral displacement. The constant katabatic winds in the region are not only likely to exist on the regional scale (over hundreds of kilometers) but also to influence the wind speed at the local scale of a few kilometers, accelerating on the steeper downwind slopes and decelerating on the flat or uphill upwind slopes. We explore this hypothesis here together with effects of roughness changes and atmospheric stability.
[16] Even a small amount of stable stratification can lead to a change in wind speeds and to a small lateral movement of the maximum wind speed (expected at the top of the hill under neutral conditions) to the leeside [Hunt et al., 1988b] . King et al. [2004] explain erosion on the lee side of the Lyddan Ice Rise in Antarctica by invoking strong stability of the approach flow. While their model predicts erosion on the upwind slope under neutral conditions, it predicts erosion over the downhill slope under stable conditions, as observed in the megadunes. The model results of King et al. [2004] , however, show rapidly decreasing erosion on the lee side, while their measurements show persistent erosion over the entire lee side. King et al. [2004] conclude that this discrepancy is due to inadequate upstream atmospheric profiles.
[17] Surface roughness length is the other factor that can affect the wind flow over a low hill. Increasing the surface roughness, for a given slope, leads to lower wind speed near the surface [Weidner and Stearns, 1978; Mason and King, 1984; Britter et al., 1981] . Britter et al. [1981] observed that a change in surface roughness over a hill from rough to smooth, such as observed in the megadunes [Fahnestock et al., 2000; Frezzotti et al., 2002; Albert et al., 2004] , leads to an additional increase in near-surface wind speed, and can, on the lee slope, suppress flow separation. This is because the mean velocity increases over the smooth surface, and a larger adverse pressure gradient is therefore needed for separation.
Results
[18] The only available wind speed data from windward and leeward sides of a megadune are presented by Courville et al. [2007] and show slightly higher wind speeds on the leeward side (+0.3 m s -1 at 7 m height and +0.9 m s -1 at 1 m height), but the differences in wind speed between the two sites are within the instrumental error (˙0.5 m s -1 ). Courville et al. [2007] explain this with the very low amplitudes and large wavelengths, which do not allow for any shadowing of the flow. This is in agreement with the high Froude numbers (Figure 3 , Fr > 1 for all wind speeds under stable atmospheric conditions), which indicate that the topography of the megadunes is too subtle to change the flow without additional factors. Courville et al. [2007] also found no significant difference in daily averaged air temperatures between the two sites (T +0.2 ı C on leeward side) and conclude that the difference in accumulation and the physical properties of snow is unlikely to be caused by differences in air temperature.
[19] Excluding the temperature differences as a cause for differential accumulation, we thus suggest that the differences in accumulation can result from small differences in wind speed, such as that measured by Courville et al. [2007] , because even small changes in wind speed can lead to significant differences in turbulence intensity. We use the Advanced Regional Prediction System (ARPS) [Xue et al., 2000 [Xue et al., , 2001 ] to understand what conditions could cause sufficient changes in wind speed over the given topographical scales. ARPS solves the nonhydrostatic compressible Navier-Stokes equations in a 3-D domain. The model considers equations for momentum, heat, mass, states of water (vapor, liquid, and ice), and the equation of the state of moist air. A comprehensive description of the ARPS model is given by Xue et al. [2000 Xue et al. [ , 2001 . Considering that the highly anisotropic topography of the megadunes does not allow for an interpolation of the ICESat data onto a regular grid with sufficient resolution, we use one ICESat track that runs approximately perpendicular to the megadunes to represent the air flow patterns in the region. We chose a section from ICESat track 1296, which includes a range of amplitudes and wavelengths as representative of the variable profiles in the megadune region. We projected elevation data from all campaigns of this track onto a single transect. We then binned the data into 100 m bins and smoothed the resulting topography with a five-point running mean. We repeat the track in the lateral direction 20 times (every 100 m) to create a surface over which we can run the atmospheric model in an idealized way. We end up with a domain of 150 km by 2 km at a 100 m horizontal grid spacing. We added 750 cells upwind of the ICESat track (450 cells of inclined (0.01%) and 300 flat cells), 150 cells downwind of the track (inclined surface at 0.02%) and 15 cells in each lateral direction to minimize boundary effects on the region of interest. The long additional upwind region allows the model to develop katabatic winds before reaching the megadunes topography.
[20] We model the wind speed initiating ARPS with a constant wind profile of 8 m s -1 (Figure 4) , a stable air temperature profile with a gradient of 20 K km -1 or 40 K km -1 , relative humidity of 50% [Gettelman et al., 2006] , initial boundary layer height of 400 m (neutral above), and either uniform or varying surface roughness z 0 . We then perform three model runs, with different boundary conditions:
[ [Obleitner, 2000; Smeets et al., 1999] . According to equation (1) in Lettau [1969] , this is equivalent to a 0.3-0.4 m high roughness element that is shaped like a triangular pyramid with a 0.5 m 2 base area facing the wind. The roughness over the downwind slope (smooth "wind glaze") of 0.0001 m is typical for Antarctic plateau snow [Inoue, 1989] ).
[25] For model run A (Figure 4a ), the velocity of the katabatic wind increases on the leeward slope and decreases on the windward slope. The differences in wind speed are very small (0.7 m s -1 ) and the differences in turbulence intensity is also small (0.03) (Figure 5a ). Turbulence intensity (TI) is calculated as TI = p TKE/ws, where TKE (turbulence kinetic energy) that is associated with turbulent eddies is normalized by mean wind speed. TI is higher on the upwind slopes and lower on the downwind slopes. We discuss the link between turbulence intensity and accumulation in section 5. The increased stability in model run B (Figure 4b ) enhances the differences in wind speed between the upwind and downwind slope, resulting in a larger range of wind speeds between the two sides (2.2 m s -1 ). Accordingly, the difference in turbulence intensity between the two sides ( Figure 5b an increase in leeward wind speed and lead to higher differences in wind speed between the two sides (1.4 m s -1 ) when compared to model run A. Importantly, the difference in turbulence intensity in model run C (0.13) is one order of magnitude larger on the upwind slope than on the downwind slope (Figure 5c ). The turbulence intensity difference between the upwind and downwind slope in the model runs A and B is only a factor of 1.5 and 2, respectively. All three model runs show the increase of katabatic winds in the lee with increasing length and increasing magnitude of the downwind slope ( 40-60 km along profile, Figure 4 ), as well as the stronger decrease of the wind speed over the upwind slope if that slope is longer and steeper ( Figure 6 ). The dependence on the slope-length and slopemagnitude is also reflected in the strength of the turbulence intensity, and the dependence is enhanced through a stronger stability as well as through contrasts in surface roughness ( Figure 6 ). The strength of the katabatic winds also depends on the upwind terrain: if there is little to disturb the development of katabatic winds upwind ( 20-40 km along profile, Figure 4 ), the katabatic wind is stronger, even if the downhill [26] The differences in wind speed between model run B and model run A (Figure 7a) show an increase in wind speed on the downwind slope and decrease in wind speed on the uphill slope. The differences are largest for longer slopes (Figure 6 , e.g., 70-90 km along the transect), being larger over upwind slopes ( -1 m s -1 ) than over downwind slopes ( +0.6 m s -1 ). The differences in turbulence intensity (Figure 8a ) mirror the differences in wind speeds, but are small ( 0.055). So even if the increase in stability (model run B) by +20 K km -1 significantly increases the wind speed, it seems to have little effect on the turbulence intensity and thus probably little effect on accumulation pattern. The difference in wind speed between model run C and model run A (Figure 7b) shows the same pattern as the difference between model run B and model run A, with wind speeds increasing over the downwind slope and decreasing over the upwind slope for varying z 0 . The decrease in z 0 over the downwind slope causes a large increase in wind speed ( +0.9 m s -1 ), but the increase in z 0 over the upwind slope causes only a small decrease in wind speed ( -0.2 m s -1 ). This seemingly smaller decrease is likely a consequence of the faster approach flow in model run C due to the smaller roughness length. However, despite similar changes in wind speed if stability or roughness length z 0 are modified, changes in z 0 lead to significant differences in turbulence intensity ( 0.12) over both upwind and downwind slopes (Figure 8b ). These strong differences in turbulence intensity due to changes in surface roughness that reflect the conditions over the megadunes have a large effect on the turbulence strength and thus on snow transport and accumulation patterns.
Discussion
[27] The observed @z @t from ICESat elevation data show a higher than regional average @z @t on the upwind slopes and a lower than regional average @z @t on the downwind slopes within the 47,000 km 2 megadune area that we considered. This agrees with previous studies of accumulation patterns and migration directions in the megadunes as well as with our theoretical considerations and modeling. While the average @z @t in the region is +0.011 m a -1 (Figure 2c ), the minimum rate of elevation change occurs on the downwind slopes and is 0 m a -1 , and the maximum rate of elevation change occurs on the upwind slopes and is 0.03 m a -1
(where values correspond to averages calculated every 15 ı of aspect, Figure 2a ). This is somewhat lower than the estimates by Courville et al. [2007] , which are 0.09-0.12 m a -1 . This difference is likely due to the different resolution of the data (ICESat versus point measurements).
[28] We show theoretically that the air flow over megadunes is always supercritical (Fr > 1), which leads to antidunes [Kennedy, 1963; Colombini, 2004; Núñez-Gonzáles and Martín-Vide, 2011] . The migration direction of antidunes for the given ranges of wind speeds, dune amplitudes, and wavelengths in the megadune region is likely to always be upwind (Figure 3 ) because of the combination of high atmospheric stability, reasonably high wind speeds, and large undulation wavelengths. For expected atmospheric conditions in the megadune area ( Figure 3b ) and wavelengths over 2 km (minimum wavelength of the megadunes), the theoretical calculations suggest that wind speeds would have to be persistently over 11 m s -1 (or more for longer wavelengths) to cause downstream migration, which even in regions of strong katabatic winds on the EAIS is unlikely (average wind speed measurements from Courville et al. [2007] at 7 m height are 8 m s -1 ). For other regions with undulating topography (or weaker stability), smaller obstacle wavelengths or lower wind speeds can cause the dunes to accumulate in the downwind slope and migrate in that direction. This might explain the accumulation on the downwind slopes and ablation on the upwind slopes, as observed by Liston et al. [2000] in Dronning Maud Land, where the undulation wavelengths are 1-1.5 km.
[29] Atmospheric modeling of the boundary layer flow over a synthetic megadune surface shows that, under stable atmospheric conditions, local katabatic winds develop over the long downwind slopes of the megadunes, which leads to an increase in wind speed over the downwind slopes and a decrease over the upwind slopes. The development of local katabatic winds that is necessary to develop the observed patterns of increased accumulation over the windward slopes is enhanced through the cold snow temperatures and strong stability. Furthermore, there is a positive feedback between stability and the strength of the katabatic wind close to the ground. The turbulence intensity is higher on the upwind slope than on the downwind slope, implying more turbulence upwind, which is likely responsible for the enhanced accumulation. The influence of TI on deposition is not clear a priori. In typical steep terrain boundary layer flows, high values of TI are often found in low-pressure zones where air flow decelerates [McClung and Schaerer, 1976] . In areas where mean wind speeds are predominantly above the threshold for drift initiation, a higher TI may lead to higher deposition since the probability of the wind falling below threshold increases. In particular, if higher TI is caused by higher surface roughness [Judd et al., 1996; Neary et al., 2012] , as in our study (Figure 5c ), this effect may be dominant. Sauter et al. [2013] have also shown that sudden changes in surface roughness can increase turbulence and decrease vertical wind shear. This effect leads to a weakening of the katabatic wind and to a decrease in the suspension capacity of the flow and increased deposition. Furthermore, there is a negative feedback between atmospheric turbulence and suspended snow particles [Hino, 1963; Nishimura et al., 1998; Bintanja, 2000] . Because turbulent energy is used to carry particles, the turbulence intensity decreases in the presence of suspended snow. This, in turn, decreases the capacity of the flow to keep particles in suspension and leads to increased deposition.
[30] Assuming that the TI is a direct measure of turbulence, it can be used together with wind speed distribution to explain the observed accumulation and ablation patterns in the megadunes. In regions with high TI, low wind speeds, and high roughness (sastrugi) (windward slopes in Figures 4c and 5c ), snow can get picked up and deposited by wind in the same region, because roughness elements can act as windbreaks, causing increasing turbulence activity and deposition. In regions with constantly higher wind speeds and very low eddy activity (and no roughness elements) (leeward slopes in Figures 4c and 5c) , it is unlikely that snow will be deposited until the wind speed decreases, which, in our calculations, only happens on upwind slopes (Figure 4) . We thus conclude that under stable atmospheric conditions, the katabatic winds always lead to lower wind speeds and higher turbulence intensity on the upwind slope, causing these slopes to accumulate snow, while the increased wind speeds and lower turbulence intensities on the downwind slopes prevent snow from depositing on the downwind slopes. The downwind slopes also happen to be smooth, which prevents any snow that can temporarily accumulate to actually attach to the surface [Bintanja, 1999] . At increased stability and variable surface roughness features as encountered in megadunes regions, the wind speed is enhanced, as briefly mentioned by Frezzotti et al. [2002] and Scambos et al. [2012] , as well as turbulence intensity patterns.
[31] Changes in stability and surface roughness lengths alter the modeled wind fields. Model runs with increased stability and variable surface roughness lengths (z 0(windward) > z 0(leeward) ) show increased differences in wind speed and turbulence intensity between the upwind and downwind slopes. Changing the surface roughness (model run C) has a larger [Scambos et al., 2007] . Data source: NSIDC [Haran et al., 2005] . effect on turbulence intensity than increasing the stability (model run B). While the increase (over upwind slope) and decrease (over downwind slope) of TI, compared to run A (moderate stability, uniform surface roughness), for run B (strong stability, uniform surface roughness) is +30% and -14%, respectively, it is as much as +50% and -71% for run C (moderate stability, variable surface roughness). All our model runs show the dependence of the katabatic winds on local slope length and magnitude (Figure 6 ), as well as the dependence of the upwind terrain. Low stability would lead to different flow behavior (i.e., flow separation on leeward slopes), preventing development of local katabatic winds over downwind slopes and causing snow accumulation and increasing wind speed over the upwind slope (causing erosion), as expected from wind flow over larger obstacle heights and discussed in previous literature [Mellor, 1965; Jackson and Hunt, 1975; Radok, 1977; Pomeroy, 1988; Liston and Sturm, 1998; Lehning et al., 2008] .
[32] It is likely that a combination of persistent katabatic winds (particularly during the winter months [Parish and Bromowich, 1989] ), strong stability, and the variable surface roughness is responsible for the accumulation on the upwind slope and hence the upwind migration of the megadunes. Model runs A and B suggest that, under stable atmospheric conditions, even if there was no spatial variability in z 0 , snow would still accumulate on the upwind slope, and the megadunes would migrate uphill, while the downwind slopes have locally increased katabatic wind speeds which prevent snow from accumulating. The results from our model experiments thus agree with the conceptual model of the megadune growth process that was suggested by Frezzotti et al. [2002] . Additionally, model results from run C show a greater than sevenfold difference in turbulence intensity between the upwind and the downwind slope, even if the wind speed differences are only 1.5 m s -1 (1.3-fold), which implies that the varying surface roughness lengths have a large influence on the accumulation patterns and on the velocity of dune migration.
[33] The fact that snow is a sintering material helps preserve the megadunes, because once formed, they are unlikely to change shape over short time frames, such as is possible with nonsintering sediments in aquatic flows. So even if the wind temporarily drops below the threshold for snow transport, the structure of the megadunes would still be preserved. The characteristic high degree of metamorphism and extensive recrystallization on the leeward sides of megadunes [Albert et al., 2004; Courville et al., 2007; Arcone et al., 2012] results in larger optical grain size and thus a lower albedo [Wiscombe and Warren, 1980; Warren, 1982] (Figure 9 ). Due to their lower albedo, the glazed surfaces downwind of the dune crests can absorb more radiation [Choudhury, 1981; Brandt and Warren, 1993] and hence warm up during summer months, which causes temperature gradient-driven metamorphic growth and faster sintering [Albert et al., 2004; Courville et al., 2007] . Steffen et al. [1999] show for northeast Greenland that strong katabatic winds can lead to turbulent mixing of cold-air inversions and to an increase in air temperatures, which, particularly in summer months, can further warm up the surface (over both, the upwind and downwind sides) and accelerate the sintering process. Considering their preservation potential, it is important to understand the processes that lead to megadune formation, because they are relevant to understanding the paleoclimate records from ice cores [Albert et al., 2004; Courville et al., 2007; Severinghaus et al., 2010] , as well as to estimating the present surface mass balance of the EAIS [Scambos et al., 2012] .
Summary
[34] The aim of this study was to understand the surfaceatmosphere interaction processes that lead to observed accumulation patterns and the observed upwind migration of the megadunes. To answer this question, we have combined three different methods. First, we discuss ICESat elevation change estimates in a megadune area, which gives us information about the topographical dependencies of surface elevation change patterns, which we take as a proxy for accumulation patterns. We then theoretically show possible combinations of wind speed and megadune-scale topography that could lead to upwind migrating antidunes, following the theory for sediment transport in supercritical aquatic flows. We then use an atmospheric model to determine wind speed and turbulence intensity patterns over relevant topographies in the region to understand what atmospheric and surface conditions are necessary to produce the observed accumulation patterns.
[35] Our results show that the average rate of elevation change ( on the downwind slopes is close to zero, and the average @z @t on the upwind slopes is +0.03 m a -1 , which agrees with the previously discussed upwind migration of the dunes.
[36] Both theoretical considerations as well as atmospheric modeling show that, under the given topographic conditions, a stable atmosphere will always lead to upwind migration of the dunes. However, it is the difference in surface roughness that likely determines the accumulation patterns and the velocity of the dune migration, which then determines the duration of high degree metamorphism (exposure of snow to high temperature gradients) and thus the physical properties of snow that are relevant for paleoclimate records. We did not discuss magnitudes of the potential snow transport (erosion and deposition), which are required to determine the migration velocity of antidunes. Snow transport is strongly dependent on surface properties, which have been studied in the context of physical and chemical properties of ice core records [Albert et al., 2004; Courville et al., 2007] but never in the context of snow transport. Considering the unique environment of the megadunes area with well-sintered grains that are exposed to the surface for much longer than snow in seasonal snowpacks, it would be important to determine wind speed thresholds for erosion in the region. Quantitative knowledge of erosion and deposition in the megadune areas would also address the problem of overestimation of the East Antarctic surface mass balance due to neglecting the complex accumulation patterns in megadune areas [Scambos et al., 2012] . While our findings help to constrain the relevant processes pertaining to the ongoing evolution of the megadunes, their genesis remains an open question and a larger scale atmospheric modeling experiment is needed to address it.
